Using the nuclear equation of states for a large variety of relativistic and non-relativistic force parameters, we calculate the static and rotating masses and radii of neutron stars. From these equation of states, we also evaluate the properties of rotating neutron stars, such as rotational and gravitational frequencies, moment of inertia, quadrupole deformation parameter, rotational ellipcity and gravitational wave strain amplitude. The estimated gravitational wave strain amplitude of the star is found to be ∼ 10 −23 .
I. INTRODUCTION
Gravitational wave is a fundamental feature of elliptically deformed pulsars. It is produced due to the axially asymmetry of the system. This is one of the unique source of informations which can resolve most of the mystery of the stellar objects. About 96 percent mass-energy of the Universe has no charge, so the major fact about Universe can be revealed from the graviational wave (GW). However, it is unlike to detect easily as it is done in electromagnetic wave, which is originated from charge sources [1] . Thus, the detection of gravitational waves is hard due to its low frequency and background sources.
There are experimental set up using ground based detectors, which are specially designed for the measurement of gravitational waves amplitude, such as the Laser Interferometer Gravitational wave Observatory science collaboration (LIGO) and the German-British Gravitational wave Detectors (GEO600). The sensitivity of the detection is increased by the merger of these data and the upper limit of the gravitational wave amplitude is observed to be ∼ 2.6 × 10 −25 for pulsar PSR I1603-7202 and the ellipticity of pulsar PSRI2124-3358 is found to be less than 10 −6 [2] . Some other spaced based detectors like Laser Interferometer Antenna (LISA) is designed for detecting the the low frequency (0.03 mHz to 0.1 Hz) gravitational waves [3] and space based Cosmic Visions 2015-2025 is in plan to orbiting the sun like LISA to gain more sensitiveness towards the low frequency gravitational wave signals [1] .
The neutron star (NS) and black holes are formed from the gravitational collapse of a highly evolved start or core collapse of an accreting white dwarf. The neutron star is the final stage of the evolving star and then it fails to collapse and form a black hole due to gravity. Rotating deform neutron star emits gravitational waves which carry the information about the neutron star (NS). Therefore, it is very important to discuss the upper limit of GW amplitude, rotational frequency ν r , quadrupole moment Φ 22 and ellipticity of a neutron star predicted by various theoretical models. The static mass of the NS compared with recently observed data [4] , which is quite massive than the earlier measured mass from the neutron star pulsar PSR 1913+16 (M = 1.144M ) [5] . Those equation of states (EOS) give the mass of Taylor et al. [5] fails to reproduce the maximum mass of (1.97 ± 0.04)M [4] . Thus, to get a larger mass, one needs a stiff EOS, which again oppose the softer EOS of kaon production [6, 7] . To make such a model in the same footing, extra interactions are needed as it is done in the construction of G1 and G2 parametrizations [8] [9] [10] . In the present paper, we have used 20 different force parameters for both non-relativistic and relativistic mean field equation of states (EOS) to calculate the gravitational wave strain amplitude of rotating neutron stars.
The paper starts with a short introduction in Sec. I. The formalisms of Skyrme Hartree-Fock (SHF) and Relativistic Mean Field (RMF) theory are presented in Sec.II. In this section we have outlined the Hamiltonian, Lagrangian and equation of states (EOS) for non-relativistic and relativistic formalisms. The SHF and RMF parameter sets are also tabulated in this section. The calculated results of pressure and energy obtained from these forces are discussed in Sec. III. Here, the masses of the neutron stars and their respective radii both in static and rotating frames are estimated and then used these observables to estimate the gravitational wave strain amplitude. The related quantities like rotational frequency ν r , quadrupole moment Φ 22 and ellipticity of rotating neutron star also calculated. The paper is summarized in Sec. IV.
II. THEORETICAL FORMALISMS

A. Skyrme Hartree-Fock (SHF) method
There are many known parametrizations of Skyrme interaction which reproduce the experimental data for ground state properties of finite nuclei [11, 12] as well as the properties of infinite nuclear matter upto high density [13] . The general form of the Skyrme effective interaction can be expressed as a density functional H with some empirical parameters [12, 14, 15] :
where K is the kinetic energy, H 0 the zero range, H 3 the density dependent and H ef f the effective-mass dependent terms, which are relevant for calculating the properties of nuclear matter. More details can be found in Refs. [12, 14, 15] . These are functions of 9 parameters t i , x i (i = 0, 1, 2, 3) and η are arXiv:1312.5840v1 [astro-ph.SR] 20 Dec 2013
given as
The kinetic energy K = 2 2m τ , a form used in the Fermi gas model for non-interacting Fermions. The total nucleon number density ρ = ρ n + ρ p , the kinetic energy density τ = τ n + τ p .
The standard form of the Skyrme effective interaction can be expressed as [15] [16] [17] :
Here, r = r 1 − r 2 , R =
The main advantage of the Skyrme density functional is that it allows the analytical expression for all variables explaining the infinite nuclear matter characteristics. The general expression for the energy per particle of asymmetric nuclear matter (ANM) in terms of energy density ε and number density ρ is given by [15, 18] :
with the asymmetric factor,
The term Y p is adopted in place of isospin to define the asymmetry of the infinite nuclear matter, which is common notation in astrophysics. The analytical form of the pressure density can be expressed as:
The symmetry energy E sym (ρ), slope parameter L(ρ), symmetry incompressibility K sym (ρ) and incompressibility at saturation K 0 (ρ 0 ) can be derived from the energy density, which are explicitly given in Refs. [13] . The 13 Skyrme parameter sets used in the present calculations are SGII [19] , SkM* [20] , RATP [21] , SLy23a [15] , SLy23b [15] , SLy4 [22] , SLy5 [22] , SkT1 [23] , SkT2 [23] , KDE0v1 [24] , LNS [25] , NRAPR [26] , SkMP [27] and displayed in Table I .
B. Relativistic mean field (RMF) formalism
In principle, one should use quantum chromodyanmics (QCD), the fundamental theory of strong interaction, for the complete description of EOS. But it cannot be use to describe hadronic matter due to its non-perturbative properties. A major breakthrough occurred when the concept of effective field theory (EFT) was introduced and applied to low energy QCD [28] . The degrees of freedom in this theory are nucleons interacting through the exchange of iso-scalar scalar σ, iso-scalar vector ω, iso-vector-vector ρ and the pseudoscalar π mesons. The nucleons are considered as Dirac particle moving in classical meson fields. The contribution of π meson is zero at mean field level, due to pseudo-spin nature. The chiral effective Lagrangian (E-RMF) proposed by Furnstahl, Serot and Tang [8] [9] [10] is the extension of the standard relativistic mean field (RMF) theory [29, 30] with the addition of non-linear scalar-vector and vector-vector self interaction. This Lagrangian includes all the non-renormalizable couplings consistent with the underlying symmetries of QCD. Applying the naive dimensional analysis [31, 32] and the concept of naturalness one can expand the nonlinear Lagrangian and organize it in increasing powers of the fields and their derivatives and truncated at given level of accuracy [33] [34] [35] . In practice, to get a reasonable result, one needs the Lagrangian up to 4th order of interaction. Thus, the considered model involves the nucleons interacting through the mesons. The truncated Lagrangian which includes the terms up to the fourth order is given by
The subscript B = n, p denotes for nucleons. The terms in eqn. (2) with the subscript B should be interpreted as sum over the states of nucleons. The covariant derivative D µ is defined as
whereas R a µν , and Ω µν are the field tensors
where m B denotes the baryon and m σ , m ω , m ρ are the masses assigned to the meson fields. Using this Lagrangian, we derive the equation of motion and solved it in the mean field approximation self consistently. Here, the meson fields are replaced by their classical expectation values. The field equations for σ, ω and ρ-meson are given by
and
For a baryon species, the scalar density, ρ SB , and baryon density (ρ B ) are
where
B is the effective energy and J B and I 3B are the spin and isospin projection of baryon B, the quantity k B is the Fermi momentum for the baryon, m * = m B − g σB σ is the effective mass, which is solved self-consistently.After obtaining the self-consistent fields, the pressure P and total energy density ε for a given baryon density are
here, γ is the spin degeneracy (γ=2 for pure neutron matter and γ=4 for symmetric nuclear matter), P l and ε l are lepton pressure and energy density, respectively. For the stability of neutron star in which the strongly interacting particles are baryons, the composition is determined by the requirements of charge neutrality and β-equilibrium conditions under the weak processes
After deleptonization, the charge neutrality condition yields
where q B corresponds to the electric charge of baryon species B and q l corresponds to the electric charge of lepton species l. Since the time scale of a star is effectively infinite compared to the weak interaction time scale, weak interaction violates strangeness conservation. The strangeness quantum number is therefore not conserved in a star and the net strangeness is determined by the condition of β-equilibrium, which for baryon B is given by µ B = b B µ n − q B µ e , where µ B is the chemical potential of baryon B and b B its baryon number. Thus the chemical potential of any baryon can be obtained from the two independent chemical potentials µ n and µ e for neutron and electron, respectively. The lepton Fermi momenta are the positive real solutions of (k 1/2 = µ µ = µ e . The equilibrium composition of the star is obtained by putting the β-equilibrium with the charge neutrality condition Eqn. (13) at a given total baryonic density ρ = B (2J B + 1)k 3 B /(6π 2 ); the baryon effective masses are obtained self-consistently. In our calculation, we have taken 7 well established parameter sets such as: G2 [9] , G1 [9] , NL3 [36] , TM1 [37] , FSU [38] , L1 [29] , SH [39] . These all parameters along with their saturation properties are given in Table I .
C. Stellar Equations
In the interior part of neutron star, the neutron chemical potential exceeds the combined masses of the proton and electron. Therefore, asymmetric matter with an admixture of electrons rather than pure neutron matter, is a more likely composition of matter in neutron star interiors. The concentrations of neutrons, protons and electrons can be determined from the condition of β−equilibrium n ↔ p + e +ν and from charge neutrality, assuming that neutrinos are not degenerate. Here n, p, ν have their usual meaning of neutron, proton and neutrino, respectively. In momentum conservation condition
are the chemical potential, and k f n and k f p are the Fermi momentum for neutron and proton, respectively. Imposing this conditions, in the expressions of E and P, we evaluate E and P as a function of density. To calculate the star structure, we use the Tolman-Oppenheimer-Volkoff (TOV) equations for the structure of a relativistic spherical and static star composed of a perfect fluid were derived from Einstein's equations [40] , where the pressure and energy densities are only the input ingredients. The TOV equation is given by [40] :
with G as the gravitational constant and M (r) as the enclosed gravitational mass. We have used c = 1, the velocity of light. Given the P and E, these equations can be integrated from the origin as an initial value problem for a given choice of central energy density. The value of r (= R), where the pressure vanishes defines the surface of the star. Another realistic approximation that when neutron star is rotating with static, axial symmetric, space-time, the time translational invariant and axial-rotational invariant metric in spherical polar coordinate (t, r, θ, φ) can be written as:
where the metric functions ν, α, β, ω depend only on r and θ. For a perfect fluid, the energy momentum tensor can be given by:
with the four-velocity
here
is the proper velocity relative to an observer with zero angular velocity and Ω is the angular velocity of the star measured from infinity. Now, we can compute the Einstein field equation given by
where R µν is Ricci tensor and R is the scalar curvature. From this, we can solve the equation of motion for metric function:
where γ = β +v, ρ = v −β and µ =cosθ. The right hand side of equations are the source terms. One can find more details about these equations in Ref. [41] . We can put the limit on the maximum rotation i.e. Kepler frequency Ω k , by the onset of mass shedding from equator of the star. The final expression for Ω k , in general relativistic formalism is given as:
where ψ = β + 1 R and the prime denotes the differentiation with respect to the radial coordinate. For the calculation of rotational neutron star properties like mass, radius, rotational frequency, we used the well established rotational neutron star (RNS) code, which is written by Stergioulas [42, 43] .
D. Properties of Rotating Neutron Star
We have calculated the maximum mass and radius of static and rotating neutron star by using well established RNS code. For this, we need only energy and pressure density which will be provided by non-relativistic and relativistic models of equation of state. Now, our aim is to calculate maximum m = 2 quadrupole moment for neutron star by using a chemically detailed model for the crust [44] . The relation of quadrupole moment with maximum mass M and radius R is given as:
where σ max is called breaking strain of the crust. In our calculation we have taken its two possible values i.e. 10 −2 , 10 −3 . The quadrupole moment [Eqn. (25) ] and ellipticity of the neutron star is connected to each other by a simple relation [44] :
where the z axis is the rotation axis and I zz is the moment of inertia along the z-axis and for conventional neutron star, it is given as [45] :
For each (non-relativistic and relativistic) parameter set we can calculate the maximum mass and radius of the neutron star and then other observables like quadrupole ellipticity and moment of inertia. The maximum rotational frequency ν max of the stable rotationary neutron star can be given by the simple relation [15] .
Finally, we use eqns. (25 -28) to calculate the gravitational wave strain amplitude which is presented by [2] :
where r is the distance of neutron star from the earth [46] .
III. RESULTS AND DISCUSSIONS
In this work, we have taken conventional static and rotating neutron star and perform the calculation for their mass and radius by using the TOV and RNS equations. The ingredients require to solve these two equations are pressure and energy density. After getting the mass and radius, we have calculated the other properties like quadrupole moment, ellipticity, moment of inertia and gravitational wave amplitude of rotating neutron star. We took the recently reported maximum mass and radius of neutron star pulsar J1614-2230 [4] and some theoretical Dirac-Bruckner Hartree-Fock results as a reference, where the star mass is (1.97 ± 0.04)M . This means that an equation of state can be appreciated, if it has the capability to estimate a maximum mass at least 2.0M .
A. Equation of State
Most of the parameters are fitted to the saturation properties of symmetric nuclear matter like binding energy per nucleon (BE/A), effective mass of nucleons, incompressibility modulus K 0 and symmetry energy E sym at saturation density (ρ 0 ). We have shown these empirical values in Table I for both SHF and RMF parameter sets. For a general idea and to see the behaviour of these forces on binding energy per nucleon and pressure density, we have plotted figures (1) and (2). We get a stiff equation of state (EOS) for SH parameter, which is one of the oldest RMF interaction and a soft EOS for LNS parameter, which is a successful set of SHF formalism. The rest of the EOS's for various parameter sets are between these two extremes.Our theoretical EOS for RMF and SHF results are compared with the most accepted experimental data of Danielewicz et al. [47] in Fig. 2 . From the figure, it is seen that all the EOS predicted with SHF formalism passes nicely through the experimental shaded region. On the other hand, the RMF based EOS of NL3 [36] , SH [39] , TM1 [37] are far from the experimental observation. However, the recently proposed G1 and G2 sets of RMF formalism very much within the experimental shaded region. These parameters not only match with the EOS of Ref. [47] but also predict the recent mass of neutron star [4] . In Fig. 3 , we have shown the mass and radius trajectory of neutron star equation of state. 
B. Mass and Radius of Neutron star
We noted down the maximum mass and the corresponding radius obtained from various non-relativistic and relativistic parameter sets [from TOV solution Fig. 3] . Again from the RNS code, we collected the M max and R max for all sets. These masses and radii are depicted in Fig. 4(a) and Fig. 4(b) for static and rotating cases, respectively. Here also, we put the maximum mass results of pulsar J1614-2230 [4] as a standard reference and compared our results. If we compare the mass of static and rotational star, one can easily see that rotational neutron star mass is larger compare to static one for the same parameter set. As Demorest et al. [4] stated that the theoretical models should have the maximum mass more or near to (1.97 ± 0.04)M . The Shapiro delay provides no information for the neutron star's radius, so we can not put any constraint on the radius of neutron star (NS). If we see the maximum mass and corresponding radius prediction of relativistic model parameter SU(2) (effective chiral model) [48] , in both cases static and rotational, it is not suited to the current experimental observation [4] . The reason is the extra softness of SU (2) model, that the vector meson mass (m ω ) is generated dynamically, as a results of which the effective mass of nucleon acquires a density dependence on both scalar and vector fields. The consequence of this dependency, the effective mass increases at higher density and EOS became more softer [48] . Another non-relativistic model parameter LNS [25] which is not comfortable in static case, but it is within the cut off region for rotational NS. We compared our calculated results with experimental data of Demorest et al. [4] which is shown by the horizontal strip in figure 3(b) . From this figure, a larger number of parameter sets, like FSU [38] , SGII [19] , SkM* [20] , LNS [25] , RATP [21] and SkT2 [23] are not crossing the horizontal strip, which is the experimental constraint on static slowrly rotating neutron star mass ( M M ) [4] . So, these parameter sets are not acceptable whole heartedly in such high density scenario and need some discussions. (i) As we have mentioned earlier, all the relativistic and nonrelativistic parameter sets are constructed at the saturation and since these are effective parameters, there is no guarantee that the extrapolation of these forces are still valid at extremely high density, (ii) Secondly, as it is in neutron star many of the SHF forces agree well with the recent EOS experimental data of heavy ion collision [4] , however these sets deviate when tested in the neutron star scenario. To reproduce the recent star mass [4] (as the masses do not lie within the experimental strip). With respect to this limit, IUFSU [49] is an extension of FSU [38] lie within the experimental constraint. For non-relativistic sets, the forces are chosen by taking into consideration their success in finite nuclei. For more descriptive study, we refer the readers go through Ref. [13] , where one will get 214 SHF parameter sets and their applications to various systems.
C. Rotational and Gravitational Wave Frequency and Amplitude
Before going to discuss the gravitational wave frequency ν gw , we would like to see the rotational frequency ν r = Ω K 2π of neutron star. The ν r of a NS are found to be within 7000 to 12000 Hz (except SU(2) relativistic chiral parameter) for all the considered SHF and RMF parameter sets. The maximum rotational frequency 12000 Hz is predicted by the nonrelativistic SGII [19] and RATP [21] as shown in figure 5 . Unlike to the rotational Keplerian frequency Ω K , the gravitational frequency ν gw is a tidious experimental exploration [2, 3] . The calculated values of ν gw obtained by various SHF and RMF parametrizations are shown in figure 6 . The value of ν gw is found to be almost 9 times greater than ν r . A perfect coorelation between the gravitational ν gw and the rotational frequencies ν r is shown in figure 7 . From this figure, it For a rotating neutron star, the gravitational wave amplitude h 0 is an experimental observable. We can observed it directly by specially designed experimental setup [2, 3] . The gravitational wave is generated by the rotation of an axially asymmetric neutron star. The wave strain amplitude h 0 can be measured by knowing the maximum mass and corresponding radius of a star. Its analytical feeling can be taken from the equation (29) . The gravitational wave frequency ν gw can be calculated by the equation (28) . The relation between gravitational wave strain h 0 amplitude and frequency ν gw are shown in the figure 8.
In the calculations of quadrupole moment, we have taken two set of breaking strain of the neutron star crust σ = 
10
−2 , 10 −3 and gravitational wave amplitude calculated with three sets of r (0.1, 0.2 and 0.4 kpc) which is the distance between the star and earth. These are some standard values used by earlier calculations [50] . So in this way, we have given the GW strain amplitude and frequency relation for four set of data as shown in the figure 8 along with the experimental results (for more discussion, see Ref. [50] ). In our calculation, all gravitational frequencies come out more than 500 Hz, except for SU(2) model (ν < 300Hz). As we have mentioned earlier, this parameter set is unable to produce maximum mass within the experimental limit [4] . We have noticed an important point here is that the gravitational wave strain amplitude decreases with increasing the r and decreases with the value of breaking strain of neutron star crust σ. 
D. Quadrupole Moment of Neutron Star
For quantitative understanding of the quadrupole moment (Φ 22 ) in different relativistic and non-relativistic models pa-rameters, we have calculated (Φ 22 ) by using equation (25) . Although, it is not valid for high frequency rotating star, but for qualitative behaviour of model parameter, we can use this approximate relation, which depends only on the mass and radius of the neutron star with the breaking strain of the neutron star crust σ. Presently, the σ value is totally uncertain and its limiting ranges are σ = (10 −5 , 10 −2 ) [51] . In the calculations, the two choosen values of σ (10 −2 and 10 −3 ) are taken to evaluate the quadrupole moments Φ 2 2 and the results are shown in figure 9 . The results are also compared with the theoretical predictions of APR and DBHF + Bonn B. The APR results shown by black line, which shows the variation of quadrupole moment of neutron star with mass, decreases continuously with M . Same trend we get in DBHF + Bonn B (red colour in Fig. 9 ) predictions i.e. Φ 22 with star mass. The results with σ = 10 −3 , match well to the APR and DBHF + Bonn B predictions, while for σ = 10 −2 , we get very scattered values as shown in figure 9. In figure 10 , we have given the moment of inertia (I) of rotating neutron star. Since, inertia is a static property, it is totally depend on its mass distribution. As we know from earlier discussion in this paper, the mass of the neutron star increases with the rotational frequency ν r . For calculating the moments of inertia (I) of the NS, we have used the maximum mass and corresponding radius and the obtained results are shown in the figure 10. The APR and DBHF + Born B results are also given in the figure for comparison.
F. Ellipticity of Neutron Star
The ellipticity of a neutron star is an important observable, which gives the structural variation of a star from its spheri- cal shape. We can calculate it analytically by using equation (26) . From this equation, ellipticity is directly related to the quadrupole moment Φ 22 and moment of inertia (I) of the NS. We have given our calculated results obtained by all the 21 force parameters in figure 11 . We have also compared our results with two theoretical models APR (black line) and DBHF + Bonn B (blue dash line) along with the two experimental results of Ref. [50] for x = 0 (red dotted line) and −1 (green dotted dash line). Here, we have shown the results of two sets with σ = 10 −2 and σ = 10 −3 , which are shown by open circle and square in Fig. 11 . As this is rotational star, the maximum mass is larger compared to slowly rotating one. If we see the results shown in the figure 11, our calculated result still matches with the earlier work at large NS mass except for SU(2) predictions [48] . Thus our predicted ellipticity of rotating neutron star using various parameter sets, where their origin are very different from each other are almost similar. The variation of the ellipticity ( ) obtained from various star mass is very small. This will be helpful for us to constrain the results of quadrupole moment, moment of inertia and breaking strain of the neutron star.
IV. SUMMERY AND CONCLUSIONS
In this work, we have taken the relativistic and nonrelativistic models for calculation of gravitational wave strain amplitude, gravitational wave frequency, Keplarian frequency, quadrupole moment and ellipticity of rotating neutron star. We have taken maximum mass and its corresponding radius for calculating these observables. Thus, there is an indirect way to constraint the maximum mass and radius of the neutron star by these observables and vice versa. We get almost consistent results in all considered models which show the model independent predictions of the observables except for SU (2) parameter set. We found that gravitational wave strain amplitude is a function of breaking strain of neutron star crust and distance between the star and the earth. From our calculation, we approximate the range of the gravitational wave amplitude between 10 −24 to 10 −22 for rotating neutron star. The moment of inertia of the star comes around ∼ 10 45 gcm 2 and the predicted range of gravitational wave frequency is in between 400 to 1280 Hz. We have calculated the rotating frequency of star and concluded that, if we increase the rotating frequency then the increment in the mass is also changes subsequently. The ellipticity of the neutron star is consistent in all the considered 21 parameter sets which will be helpful to constraint the value of quadrupole and moment of inertia of the NS and vice versa. Our results will be very helpful in the respect of the prediction of second and third generation of gravitational wave detector family.
